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INTRODUCTION

Purpose and Scope of the Investigation
In the mid-1950's low-grade uranium deposits were discovered by prospectors in the Temblor Range ( fig. 1 ) of California (Bowes, 1955, p. 3; Troxel and Morton, 1962, p. 335; Troxel and others, 1957, p. 678; Walker and others, 1956, p. 33-34) . Interest in the deposits waned after only a limited amount of exploration and development work had been done, but interest revived briefly in the mid-1960's and again in the mid-1970's when the price of uranium made low-grade deposits more attractive. The Temblor Range uranium deposits occur in siliceous rocks that are commonly assigned to the Monterey Formation and are identical to rocks unequivocally assigned to the Monterey elsewhere. Certain questions concerning uranium in the Monterey Formation come immediately to mind: In what form does the uranium occur? Where did the uranium come from, and when? Are some kinds of rock in the Monterey richer in uranium than are other kinds? Is uranium enrichment of the formation limited to the Temblor Range, or is it more widespread? The purpose of this report is to address these questions by summarizing the character of the Monterey Formation, by reviewing data concerning the origin and diagenetic history of the Monterey, and by reporting and interpreting the results of analyses of samples from the formation. The geochemistry of uranium in the sea is considered, along with modern analogs of the sediments that formed the Monterey.
Fieldwork and Acknowledgments
Fieldwork was carried out in the Temblor Range in March, April, and October 1977 , and elsewhere in October 1978 and April 1980 Harriet Neiman made eU determinations by beta-gamma sealer; M. Retsloff determined elements by emission spectroscopy. Mark Stanton made organic carbon determinations by combustion after acid leaching. Courteney Williamson made X-ray diffractograms of porcelanite samples and determined the height-to-width ratios of the (101) cristobalite peaks on them. G. G. Start made
Character
The Monterey Formation is made up mainly of diatomaceous, porcelaneous, and cherty rocks. Where diatomite and diatomaceous mudstone occur they are in the upper part of the formation as near Lompoc, in the Temblor Range, and in parts of the Salinas Valley. Porcelanite and porcelaneous mudstone generally constitute the bulk of the upper part of the Monterey; and cherty rocks, siliceous mudstone, and calcareous mudstone are more characteristic of the lower part of the unit. Even the calcareous mudstone has a high silica content. Dolomite beds and concretions occur throughout the formation, and locally the Monterey contains beds of vitric tuff and beds of pelletal phosphorite. Rocks of the Monterey commonly are thin bedded or laminated, but at some places they are thick bedded or massive.
The most common rocks of the formation have a high silica content. For example, ten samples of diatomite and porcelaneous rocks analyzed by emission spectroscopy had 31-39 percent silicon (table 4) . Analyses of siliceous Monterey rocks given by Bramlette (1946, p. 13) showed about 70-90 percent SiO2. X-ray analysis reveals that the silica is mainly in the form of opal, cristobalite, and quartz. The rocks also contain an appreciable amount of organic carbon (table 6) .
The lithologic character of the Monterey Formation places certain restraints on the origin of the unit. Any reconstruction of the conditions under which the Monterey formed must account for, among other things, the silica and organic-carbon content of the rock, the general lack of all but the finest clastic material, the common lamination of the rock, and the occurrence of phosphorite beds.
Environment of Deposition
The abundance of remains of marine organisms in the Monterey Formation demonstrates the marine origin of the unit. Investigations of fossil foraminifers (Arnal and Vedder, 1976; Bandy and Arnal, 1969; Bandy and Kolpack, 1963; Ingle, 1963b Ingle, , 1967 Ingle, , 1972 Ingle, , 1973 Patet, 1972; Smith, 1968) , diatoms (Barren, 1973 (Barren, , 1975 , fish (David, 1940a (David, , 1943 Pierce, 1956) , radiolarians (Casey and Price, 1973; Ingle, 1967) , and silicoflagellates (Cornell, 1969; Mandra, 1959) allow the following generalizations concerning the environment of deposition of the Monterey:
(1) The sediments accumulated in basins generally near shore. (2) Water depths and effective sill depths of the basins of deposition varied, but commonly were bathyal. (3) The region was one of upwelling and high organic productivity. (4) Bottom water was anoxic much of the time.
(5) The contribution of terrigenous clastic material was minor in areas of typical Monterey sedimentation. (6) Water temperatures fluctuated, perhaps reflecting changes in current patterns, but probably were comparable generally to water temperatures off California today.
The conditions under which sediments of the Monterey Formation accumulated commonly are likened to conditions presently found on the California Continental Borderland and in parts of the Gulf of California (Ingle, 1963a (Ingle, , b, p. 1771 Bandy and Kolpack, 1963, p. 154) . Brongersma-Sanders (1948 , p. 5, 1951 compared the sediments that formed the Monterey to those found today in Walvis Bay off southwest Africa, and noted (1957, p. 970 ) that the catastrophic mass killing of fish recorded in a bed of diatomite near Lompoc is the exact equivalent of a layer of fish deposited in Walvis Bay during an enormous mass extinction of fish in 1924. Bramlette (1946, p. 37-38) concluded that diatomaceous deposits of the Monterey appear to be due to a combination of high productivity of diatoms and relatively little deposition of clastic material. Brongersma-Sanders (1957, p. 970) considered that the open-sea conditions indicated by fossil fish in the Monterey, together with the presence of diatom ooze, demonstrates deposition in a region of upwelling and hypertorphic conditions. Lipps and Kalisky (1973) studied calcareous nannoplankton in Oligocene and Miocene rocks and concluded that (1) when the Monterey was deposited, the California coast was under the influence of a current that flowed south with a velocity nearly that of the modern California Current, and (2) upwelling probably was as important in the region during the Miocene as it is today.
In modern seas, areas of richly diatomaceous sediments occur where divergence of surface-water masses causes upwelling of deep waters rich in nutrients, especially silica (Brongersma-Sanders, 1948, p. 82; Calvert, 1974, p. 278; Lisitsyn, 1967, p. 998; Ramsay, 1973, p. 199) . Upwelling conditions may persist in an area for long periods of time. For example, Siesser (1980, p. 285) determined that the upwelling system off southwest Africa began about 10 million years ago, and Busch and Keller (1981, p. 707) noted that upwelling has continued off the coast of Peru since at least the late Miocene.
Conditions under which modern marine diatomaceous sediments accumulate permits the following generalizations, which can be compared to conditions already outlined for deposition of the Monterey Formation: (1) Sustained upwelling of nutrient-rich waters to the surface and consequent prolific production in the euphotic zone is required (Brongersma-Sanders, 1948, p. 82; Calvert, 1974, p. 278; Lisitsyn, 1967 , p. 998, Ramsay, 1973 . (2) Turbulent water and strong bottom currents must be absent to allow settling of very fine grained material (Baturin, 1971b, p. 374; Lisitsyn, 1967 Lisitsyn, , p. 1125 . (3) Sedimentation of diatoms is favored by production of robust forms (Brongersma-Sanders, 1948, p. 83; Lisitsyn, 1967, p. 999) , and by incorporation of the diatoms in fecal pellets (Lisitsyn, 1972, p. 154; Schrader, 1971, p. 57; Smayda, 1971, p. 117) . (4) Little or no terrigenous clastic detritus or other material dilutes present-day diatomaceous deposits (Brongersma-Sanders, 1948, p. 82-83; Lisitsyn, 1967 Lisitsyn, , p. 1121 ).
(5) Rapid sedimentation favors preservation of organic carbon (Muller and Suess, 1979, p. 1356) , and decomposition of organic material in the sediments by sulfate-reducing bacteria produces H2S (Brongersma-Sanders, 1948 , p. 89, 1966 Berner, 1978, p. 493; Boon and others, 1978, p. 638; Redfield and others, 1963, p. 42) .
The anoxic conditions commonly associated with diatomaceous sediments are a consequence of, not a prerequisite for the accumulation of the sediments. However, because of the importance of a reducing environment in the geochemistry of uranium, the accumulation of diatomaceous sediments under anoxic conditions seems to be an important factor affecting uranium content of the sediments.
Diagenesis
Studies of the diagenesis of the Monterey Formation and similar rocks (Calvert, 1966; Hein and others, 1978; lijima and Tada, 1981; Isaacs, 1979; Kastner and others, 1977; Murata and others, 1977; Murata and Larson, 1975; Murata and Nakata, 1974; Siever and Stein, 1976) lead to the following generalizations concerning the formation:
(1) The Monterey began as richly diatomaceous sediments composed mainly of biogenous opal (opal-A) extracted by diatoms from normal sea water to form their frustules. (2) Early diagenesis of the sediments involved dissolution of the biogenous opal followed by precipitation of either inorganic opal or highly disordered cryptocrystalline cristobalite (opal-CT). (3) Diagenesis continued with progressive ordering of cristobalite by a solid-state transformation. (4) In the final stage of diagenesis, well-ordered cristobalite was converted to microcrystalline quartz, probably by a solution-precipitation process involving only limited migration of silica. (5) The conversion of opal to cristobalite and quartz is a function mainly of temperature; the conversion also is affected by the purity of the diatomaceous sediments and the chemical nature of interstitial water. (6) The cristobalite found in outcrops of Monterey rocks may be partly of secondary origin that is, added during or after uplift of the rocks.
URANIUM IN THE MONTEREY FORMATION
Form of Uranium
Autunite, meta-autunite, and uranophane were identified by X-ray diffractometry in samples of Monterey Formation from the Temblor Range. Carnotite is the only other uranium mineral reported from the area (Finch, 1967, p. 8) . The identified uranium minerals are all secondary and are found on fracture and bedding surfaces. The concentration of uranium in fractured rock and fault zones is mentioned in descriptions of uranium deposits of the Temblor Range (Walker and others, 1956, p. 33; Troxel and others, 1957, p. 687) . Finch (1967, p. 8) classified the Temblor Range deposits as epigenetic that is, deposits formed by precipitation from solutions that moved through the host rock and Osterwald (1965, p. 125 ) noted structural control of uranium mineralization at a claim in the Temblor Range. Obviously, then, the association of secondary uranium minerals with zones of broken rock is related to the ease with which uraniferous ground water can permeate such zones. But some samples contain much more uranium than can be accounted for by any secondary uranium minerals present. One sample (764005), for example, contained more than 1850 parts per million (ppm) uranium in rock almost devoid of identifiable uranium minerals. No uranium minerals were seen nor were any found by X-ray analysis in Monterey rocks outside the Temblor Range. Clearly, secondary uranium minerals do not account for all or even for very much of the uranium present in the Monterey Formation. Langmuir (1978, p. 562) noted that autunite and uranophane most often occur near uraniferous alkalic igneous rocks, which tend to be low in vanadium and relatively high in silica or phosphate, or both. The term "alkalic igneous rocks" might be replaced in this statement by the term "rocks of the Monterey Formation." The notion that autunite precipitates from ground water where phosphate is present and vanadium rare and that uranophane forms in silica-rich systems deficient in vanadium and phosphate can apply as well to Monterey terrains as to igneous terrains. The abundance of secondary uranium minerals in the Temblor Range compared to any other areas of Monterey outcrops perhaps can be attributed to the effect of the aridity of the Temblor Range on the vadose-water regime there.
Five samples (764005, 764010, 771020, 772027, 802037 ) from the Monterey Formation, which did not have any identifiable minerals, nevertheless did contain from 50 to 1850 ppm uranium. Radioluxographs of these samples show a diffuse background radioactivity. The only concentrations of radioactivity were related to cracks and to iron oxide discoloration in the rock. The scanning electron microscope failed to show any identifiable uranium minerals even in the sample (764005) that contained more than 1850 ppm uranium (J. R. Hein, personal commun., 1981) .
Analytical Data
Delayed neutron analysis of 111 outcrop samples from the Monterey Formation were made for uranium and thorium (table 1). Table 2 summarizes the data, and figures 2-7 show it graphically. All results given in the tables are in the form reported from the laboratory.
The uranium content of the 111 samples analyzed ( fig. 2 ) ranged from about 1.7 to 1854 ppm1 , averaged 54.12 ppm, and had a median value of 10.4 ppm, but these numbers have little meaning beyond showing that the Monterey Formation seems to have a higher uranium content than do most rocks certainly more than the average of 3-4 ppm uranium for all shale (Swanson, 1961, p. 70) . The results of analyses of particular categories of samples were more revealing. Samples from the Temblor Range ( fig. 3 ) had a higher average and median value than did other Monterey Formation samples, but this mainly was because of the high uranium content of samples from uranium prospects. Uranium values for samples from the Temblor Range, but not from prospects, were much closer to those for samples collected outside the range. Perhaps more significant are the results of analyses of 50 samples collected to represent different kinds of rock within the Monterey Formation and without bias with regard to their radioactivity as measured in the field with a scintillation counter ( fig. 4B) . The uranium content of these 50 samples ranged from 1.73 to 83.4 ppm, had an average value of 11.1 ppm, and had a median value of 6.77 ppm; these values probably can be considered representative of a large part of the Monterey throughout California, and they too show that the Monterey as a whole has a higher uranium content than do most formations.
Consideration of the uranium content of various kinds of rock in the Monterey Formation also is useful. The uranium content of 64 samples of porcelanite, the most common rock in the Monterey, ranged from 2.40 to 767 ppm, had an average value of 48.41, and had a median value of 10.8 ppm ( fig. 5 ), but these figures are ' Another analysis of one sample, 764005, showed 2380 ppm uranium. The reason for the discrepancy is unknown. 
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Studies, Uranium Content and Geochemistry, California fig. 6 ) ranged from about 2 to 1854 ppm, had an average value of 119.92 ppm, and had a median value of 14.0 ppm. Again, these values are biased by inclusion of diatomite samples from uranium prospects. Only six samples of diatomite from outside the Temblor Range were analyzed too few from which to draw any well-founded conclusions but the uranium content of these six ranged from 2.26 to 14.0 ppm, had an average value of 6.43 ppm, and had a median value of 5.26 ppm, values which are somewhat greater than for many kinds of rock.
The uranium content of 13 samples of calcareous mudstone from the Monterey Formation in the southern Salinas Valley area ( fig. 7) ranged from 2.80 to 52.6 ppm, had an average value of 13.0 ppm, and had a median value of 10.5 ppm. The uranium content of four samples of similar rock from Newport Bay (not included in table 1 or fig. 7 ) ranged from 5.33 to 11.6 ppm and had an average value of 8.01 ppm. These values for Monterey Text continues on page A14.
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Only a few analyses of other kinds of rock from the Monterey Formation were made, all samples from outside the Temblor Range. The uranium content of four samples of chert ranged from 1.73 to 6.17 ppm, had an average value of 3.36 ppm, and had a median value of 2.76 ppm. Two samples of dolomite contained 2.28 and 6.44 ppm uranium, two samples of bedded pellet phosphorite contained 39.8 and 83.4 ppm uranium, and a sample of vitric tuff contained 9.45 ppm uranium. Chert seems generally to have the lowest uranium content of the major kinds of rock in the Monterey. Dolomite beds and concretions also appear to have a uranium content lower than for most rocks in the formation. The high values for phosphorite are to be expected, considering the normal affinity of uranium for phosphorus. The uranium content of the tuff is in the normal range for siliceous volcanic rocks.
Dependable values for thorium content were obtained for only 26 outcrop samples from the Monterey Formation (table 3) . If samples of tuff and siliceous mudstone are omitted, the thorium content of the remaining samples more typical of the Monterey ranged from 4.4 to 18 ppm, had an average value of 11.24 ppm, and had a median value of 10.45 ppm. The thorium-uranium ratio ranges from 0.96 to 4.33 but more than half of the values are less than 2, and nearly all are less than 3 ( fig.  g )_ratio values that are less than for most rocks. Nearly all samples with uranium content greater than 3.5 ppm have thorium-uranium ratios between 1 and 2. There appears to be no other relation between either uranium or thorium values and the thorium-uranium ratio.
Ten outcrop samples from the Monterey Formation were analyzed by emission spectroscopy for 19 elements other than uranium and thorium (table 4). The samples had a wide range of uranium content, but they all showed no obvious relation between uranium and any of the other elements listed. Eight samples of Monterey Formation from cores from near the Temblor Range, and 22 samples of Monterey and related formations from cores from near Santa Maria were analyzed for uranium and thorium (tables 5,6). The results show that the Monterey, in these two areas at least, has as much or more uranium in the subsurface than it generally does at the surface. Also, the thorium-uranium ratios of the core samples generally are lower than ratios common in outcrop samples.
The 22 core samples from near Santa Maria also were analyzed for organic carbon (table 6). The organic carbon content of 16 samples from the Monterey Formation ranged from 1.39 to 14.4 percent, averaged 6.36 percent, and had a median value near 6 percent.
The uranium content of seven samples of diatomite from cores of rocks correlative with the Monterey Formation taken on the California Continental Borderland ranged from about 7 to 41 ppm (table 7) , values considerably higher than for most outcrop samples of the Monterey. On the other hand, the uranium content of lower Miocene diatom ooze from the Bering Sea (table   8) , and of siliceous sediments from the equatorial Pacific (table 9) generally are less than 3 ppm, considerably less than for most rocks of the Monterey. However, 19 samples of siliceous rocks from South America and Mexico were analyzed and found to have about the same uranium content as do similar rocks in the Monterey (table 10) .
Interpretation of Analytical Data
If the samples from uranium prospects in the Temblor Range are omitted, samples of Monterey Formation analyzed show no systematic regional variation in uranium content. This seems to show that conditions that caused the accumulation of uranium prevailed wherever diatomaceous sediments of the Monterey formed; variations in uranium content depended on factors other than location. This suggestion is supported by the similarity of the uranium content of diatomite and porcelanite from Mexico and Peru to that of similar rocks of the Monterey. In other words, rocks similar to those in the Monterey have a similar range of uranium content, regardless of where they formed. The uranium content of diatomite, porcelanite, and calcareous mudstone samples from the Monterey Formation except samples from uranium prospects were all in the same general range of values, but the uranium content of the few chert samples analyzed was lower. This difference suggests that uranium was lost during the later stages of diagenesis of Monterey rocks. To determine whether this apparent loss of uranium is gradual or abrupt, the uranium content of 29 samples of porcelanite was compared with the degree of diagenesis of the rock (table 11). The degree of diagenesis can be approximated from the ordering of cristobalite as expressed by the height-to-width ratio of the (101) cristobalite peak obtained by X-ray diffractometry of whole-rock samples ( fig. 9 ). For samples that contain less than 15 ppm uranium that is, samples that probably have not been enriched appreciably beyond their original uranium content the uranium content generally decreases with an increase in the degree of diagenesis ( fig.  10 ). This relationship suggests that uranium may be lost during diagenesis of porcelanite, and presumably this uranium would be available in mobile form for enrichment of other rocks.
Water-depth changes during Miocene time are not reflected in any trend of the uranium content of rocks D226957  D226958  D226959  D226960  D226961  D226962  D226963  D226964  D226965  D226966  D226967  D226968  D226969  D226970  D226971  D226972  D226973  D226974  D226975 Lat. Figure 9. Typical X-ray diffractograms of porcelanite showing various height-to-width ratios (h/w) of (101) cristobalite peak. Such ratios help to determine the degree of diagenesis of the rock. of the Monterey Formation, which suggests that water depth was less important than other factors in the accumulation of uranium in the sediments that formed the Monterey. However, details concerning the conditions of deposition of most of the samples are too few to allow any firm conclusions regarding the relation of depositional environment to uranium content. On the other hand, it does seem likely that persistence of the anoxic conditions commonly associated with the deposition of diatomaceous sediments should be an important consideration.
Comparison of the uranium and thorium contents of samples from the Monterey Formation provides some insight into the source of the uranium found in the formation. A thorium-uranium ratio of 3 or 4 is characteristic of most rocks in the Earth's crust and of sediments composed of debris from these rocks. On the other hand, sea water and water in streams that feed the sea have a very low ratio of dissolved thorium to uranium (Adams and Weaver, 1958, p. 429) . This low ratio reflects the much greater solubility of uranium compared to thorium, and consequently the greater amount of uranium that goes into solution during weathering of terrestrial rocks. Adams and Weaver (1958, p. 415) concluded that a low (<2) thorium-uranium ratio in sediments or sedimentary rocks indicates that most of the uranium in the sediment or rock was extracted from water rather than contributed by detrital matter derived from rocks. Therefore, the generally low 2 or less thorium-uranium ratio in rocks of the Monterey Formation (tables 1, 3, 5, and 6) suggests that most of the uranium was derived from sea water. Such a conclusion is reasonable when it is realized
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Studies, Uranium Content and Geochemistry, California that nearly all the substance of pure diatomaceous rocks was derived from sea water. It also is compatible with the observation that some of the highest thorium-uranium values found in the Monterey occur in rocks such as mudstone that have a substantial proportion of terrigenous debris. Moreover, the commonly lower thorium/uranium values found in core samples, as compared to surface samples, can be interpreted as evidence that some uranium has been leached from the surface rocks during weathering. Samples of diatom ooze from the Bering Sea (table  8) and of siliceous sediments from the equatorial Pacific (table 9) have higher thorium-uranium ratios than are common in rocks of the Monterey Formation. However, these oceanic sediments formed under conditions quite different from conditions under which Monterey sediments accumulated. In fact, these oceanic sediments have a low uranium content, and their high thorium-uranium ratios indicate that what little uranium they have came from terrestrial particulate material rather than from sea water. By contrast, the thorium-uranium ratios of most samples of Montereylike rocks from South America and Mexico (table 10) are similar to the ratios for rocks from the Monterey Formation, which may suggest a similar, sea-water origin for the uranium in all Montereylike rocks.
The samples of pellet phosphorite from the Monterey Formation that were analyzed for uranium (samples 784009 and 802006) have, as expected, a higher uranium content than do most Monterey rocks. This comparatively high uranium content is easily attributed to the well-known affinity of uranium for phosphate minerals. However, the lack of any correlation between uranium and phosphorus in other kinds of Monterey rock that were analyzed for both elements (table 4) shows that little or none of the uranium in these other rocks is involved with phosphate minerals.
The general increase in uranium content with increase in organic-carbon content of core samples of Monterey Formation ( fig. 11 ) suggests that at least an appreciable part of the uranium in the samples is associated in some way with organic material. This is consistent with the work of Burton and Sullivan (1951, p. 884) , who found an excellent correlation between carbon and uranium contents of Miocene shale from the Lawndale oil field near Los Angeles. Conversely, Ross (1952, p. 791) found that the radioactivity of Miocene shale from the Playa del Rey oil field, also near Los Angeles, is localized in inorganic nodules and layers, particularly in phosphatic material, rather than in organic layers and veinlets.
Although rocks of the Monterey Formation and equivalent beds generally are considered to be the principal source of oil in the reservoir rocks of California oil fields, California crude oil is not especially high in uranium. The uranium content of 11 samples of crude oil from Tertiary rocks of California given by Bell (1960, table 2) ranged from 0.1 to 37.7 parts per billion (ppb), averaged 5.04 ppb, and had a median value of 1.6 ppb. This compares to the range for crude oil generally from less than 1 ppb to a few tens ppb (Bell, 1960, p. 51) . However, asphalt-bearing rocks of California contain more uranium than do most such rocks, and the asphalt likely originated in the Monterey Formation (Hail and others, 1956, p. 524; Bell, 1960; p. 54) . Bell (1960, content ranged from 0.17 to 70.3 ppm,, averaged 5.22 ppm, and had a median value of 1.6 ppm. These figures show that uranium is not concentrated more in rock asphalt than it is in the Monterey. Although a connection between the uranium and organic-carbon contents of rocks from the Monterey Formation appears probable, it is difficult to consider petroleum to be responsible for the uranium in the formation, for the uranium content of both crude oil and asphalt are less than the uranium content of most Monterey rocks. To account for the uranium in the Monterey it seems best to review aspects of uranium in the marine environment. A considerable amount of information on uranium in sea water and in marine sediments is available.
URANIUM IN THE MARINE ENVIRONMENT
Sea Water
Uranium Content Starik and Kolyadin (1957, p. 247) indicated that uranium occurs in sea water (1) in the colloidal state, (2) adsorbed on colloidal particles, and (3) as dispersed ions, including complexes with organic components of the water. Calculations concerning uranium supplied to and removed from the sea suggest that a steady state with respect to uranium is possible in the world ocean (Bloch, 1980, p. 376) . The calculations involve both particulate and dissolved uranium, but it seems likely that the dissolved uranium content of sea water does not vary greatly. Goldberg (1963, p. 5) gave the uranium content of sea water as 3 ppb. Ku, Knauss, and Mathieu (1977) reviewed previous determinations and presented the results of their own analyses of 63 water samples from the Atlantic, Pacific, Arctic, and Antarctic Oceans. The uranium content of their samples ranged from 2.9 to 3.6 ppb; they (1977, p. 1010) attributed the range to variation in the salinity of the water. They (1977, p. 1012) also determined the average uranium concentration of water in the open ocean (corrected to 35 parts per thousand salinity) to be 3.3 ±0.2 ppb. Hodge, Koide, and Goldberg (1979, p. 207) showed that some of the uranium in sea water is in particulate form, but Ku, Knauss, and Mathieu (1977, p. 1011) considered that nearly all is in the dissolved state. Sea water, then, seems to be an adequate and constant source of uranium, in the same way that sea water is the source of silica for diatomaceous sediments.
Extraction of Uranium
Evidence from the isotopic composition of uranium in modern marine sediments has been used to demonstrate that uranium presently is being extracted from sea water, but there seems to be no really clear evidence concerning the mechanism of extraction (Burton, 1965, p. 438) . Uranium isotopes in sea water are in disequilibrium because 234U goes into solution more readily than does 238U. The 234U/238U activity ratio in river water generally is greater than 1, and in residual solids it generally is about 1, or less. Thus, uranium from a terrigenous source in modern marine sediments may be identified by its 234U/238U activity ratio of less than 1 (Hodge and others, 1979, p. 207) . For example, deep-sea clay has uranium concentrations and 234U/238U activity ratios similar to those of stream sediments, which shows that the clay is predominantly detrital. On the other hand, uranium concentrations in anoxic mud are much higher than in terrigenous debris, and the 234U/238U activity ratios for anoxic mud approach the sea-water value of 1.15, which indicates a sea-water origin for most of the uranium in the mud (Veeh, 1967, p. 147) . Veeh, Calvert, and Price (1974, p. 193) used this evidence to determine that uranium is passing from sea water into diatomaceous sediments off California, Mexico, Central and South America, and southwest Africa. Application of the 234U/238U activity ratio to finding the source of uranium is, of course, restricted to comparatively recent sediments.
Role of Organic Carbon
Although the means by which uranium is extracted from sea water and concentrated in marine sediments is uncertain, most investigators find a positive correlation between the uranium and organic-carbon contents of marine sediments (Baturin, 1968a (Baturin, , p. 345, 1973 (Baturin, , p. 1034 Kuznetsov and others, 1968, p. 307; Mo and others, 1971) . Conversely, Veeh, Calvert, and Price (1974, p. 193) failed to find such a correlation for diatomaceous sediments off southwest Africa, either because no correlation exists or because it is masked by other factors that control distribution of uranium. Weber and Sackett (1981, p. 1328 ) also failed to find any correlation between uranium and organic carbon in sediments of the anoxic Orca Basin in the northwestern Gulf of Mexico.
Generally, the lowest uranium-organic carbon ratios occur in sandy and silty sediments deposited at relatively high rate, and the highest ratios occur in finegrained sediments enriched in both organic matter and uranium (Baturin, 1974, p. 190) . Most deep-water oceanic sediments lack significant uranium enrichment because they contain little organic matter and are flushed by oxygenated water (Baturin and others, 1972, p. 281) . Langmuir (1977, p. 27) suggested that clays, which are abundant in deep-water oceanic sediments, are relatively unimportant as concentrators of uranium. Balistrieri, Brewer, and Murray (1981, p. 119) suggested that the adsorption properties of particles sinking through the marine water column are controlled by organic coatings on the particles rather than by the properties of the particles themselves.
The general correlation of uranium and organic carbon in marine sediments could mean either that organic material incorporates uranium directly or that it produces a reducing environment favorable for chemical extraction of uranium from sea water. Baturin and Lisitsyn (1973, p. 878) reported experimental evidence that showed that uranium may be captured by organic matter under both anaerobic and aerobic conditions. Organic material that incorporates uranium directly might be in suspension, at the sediment surface, or within the sediments, but the water-sediment interface is considered the most likely place (Baturin, 1968a, p. 345, 347) . Baturin ( , p. 1034 reported that uranium is not concentrated by living tissues, and thus extraction of uranium from sea water by organic material probably takes place not from the water column as a whole, but only at the bottom. But Degans, Khoo, and Michaelis (1977, p. 568) reported that in Black Sea sediments, uranium seems to be bound to planktonic rather than to land-derived organic debris. They tentatively concluded that certain organic compounds act as a substrate in the formation of hexavalent uranium complexes and concentrate uranium in the living cell as much as 10,000 times the uranium concentration in sea water. Thus, although reducing conditions may be needed for preservation of uranium-enriched debris, they may not be needed for fixation of uranium. Holland (1979 Holland ( , p. 1679 concluded that concentration of metals in organic-rich sediments apparently results more from chemical precipitation and from reactions with dead organic remains than from their incorporation in living organisms. Apparently, marine organisms can absorb uranium from sea water, and the concentration factor may be considerable (Zverev and others, 1976, p. 91) , but the importance of organisms in extraction of uranium and the means by which they do it is uncertain. Kuznetsov, Simonyak, Lisitsyn, and Frenklikh (1968, p. 307) concluded that there is little probability of biogenic extraction of uranium by suspended organic matter because they found little correlation between uranium and organic carbon in material collected from the water column in the Indian Ocean; they did find a direct correlation between uranium and organic carbon in seafloor sediments, and they allowed that dissolved organic matter might interact with dissolved uranium, perhaps by ion exchange or chelation, and thereby transfer uranium to the bottom. Although the enhancement of uranium in sediments in anoxic regimes is well established, good evidence is lacking that reduction of uranium in the overlying water column contributes to the process (Burton, 1975, p. 102) . More likely, uranium is removed from the sea water by reduction and sorption on organic matter on the sea floor (Baturin, 1969, p. 831; Baturin and others, 1976, p. 90; Kuznetsov and others, 1968, p. 310) . Langmuir (1978, p. 565) considered that uranium after adsorption may be reduced to the U+4 of uraninite or coffinite by mobile reductants, such as hydrogen sulfide or methane, or by the sorbent itself. He (1977, p. 27) found good evidence that uranyl sorption is an important preconcentrating step leading to the formation of both uranyl and uranous minerals.
Baturn, Kochenov, and Kovaleva (1966, p. 174 ) explained a depletion of uranium in bottom water of the Black Sea by loss of uranium to the sediments, and Baturin (1968a, p. 345) concluded that the principal factor in the extraction of uranium by sediments is the geochemical activity of organic material the presence of hydrogen sulfide being only a marginal factor. Baturin (1974, p. 192) later generalized that the process by which uranium is concentrated in organic material in sediments is the same in basins with normal aeration as in basins with a hydrogen-sulfide environment. He then attributed the only slightly higher uranium-organic carbon ratio of anoxic sediments of the Black Sea, as compared to the ratio in sediments of normally aerated marine basins, to the extremely sluggish circulation of bottom water in the Black Sea. In other words, the enrichment of uranium in sediments depends, even under the best of other conditions on a continued supply of water undepleted in uranium. Baturin, Lebedev, and Mayev (1976, p. 89) considered that the accumulation of uranium in organic-rich sediments is independent of the hydrogen sulfide content of the water the hydrogen sulfide only affects the completeness with which uranium is extracted from the bottom layer of water.
The presence of hydrogen sulfide in diatomaceous and other highly organic sediments is common and indicates an anoxic regime. Samples of diatomaceous ooze taken from water depths greater than 60 m on the southwest African shelf had a pronounced odor of hydrogen sulfide, lacked an oxidized zone at the ocean floor surface, and had no sign of a benthonic fauna; these conditions indicate that below 60 m depth hydrogen sulfide there passes from the sediment into and remains in the Uranium in Monterey Formation A23 bottom water, unlike at shallower depths where wave action aerates bottom water (Baturin and others, 1972, p. 282) . But even in the highly anoxic Black Sea water Eh values are too high to allow precipitation of uranium by reduction of hexavalent to tetravalent uranium; however, interstitial waters in the upper layer of sediment may have Eh values low enough to allow such precipitation (Pokidin and others, 1972, p. 570) . Ku, Knaus, and Mathieu (1977, p. 1013) found that the uranium content of pore water generally is close to, or slightly enriched over that of sea water, although Baturin (197la, p. 224) noted that during early diagenesis of sediments uranium passes into interstitial water, where its concentration may be tens or hundreds of times higher than in sea water. Regardless of conditions respecting pore water, the principal carriers of uranium in the sediment seems to be the components with maximum sorptive capacity organic matter and phosphates (Kochenov and others, 1977, p. 86) . Uranium is mobile during diagenesis of sediments, and apparently part of the uranium is in solution in the form of organometallic complexes (Baturin and Kochenov, 1973) . Bonatti, Fisher, Joensuu, and Rydell (1971) described a core of deep-sea hemipelagic sediment from off South America that had an upper oxidized zone above reduced sediments, and the upper oxidized zone is enriched in uranium, chromium, vanadium, and sulphur. They explained distribution of uranium in the core by the postdepositional mobility of uranium, mainly by diffusion in the interstitial solutions. They found no abrupt change in uranium concentration across the Eh interface in the core, but they noted a steady increase of uranium with depth in the reduced part of the core (1971, p. 196) . They interpreted this increase as indicative of a slow, gradual reduction and fixation of uranium upon burial in the reduced zone.
In summary, organic material is instrumental in the formation of the anoxic environment necessary for the preservation of, if not for the extraction of uranium from sea water, and organic material is able to receive uranium by adsorption.
Role of Phosphorus
The conditions of up welling, high organic productivity, and accumulation of organic material that favor formation of uranium-enriched sediments also favor formation of phosphorite. The affinity of uranium for phosphate minerals is generally conceded, although Gavshin, Bobrov, and Zorkina (1974, p. 743) claimed that the correlation holds only for phosphates formed under certain circumstances and is not general. The uranium in phosphorite is believed to be in carbonate fluorapatite, where tetravalent uranium probably substitutes for Ca+2 in the apatite crystal lattice, and hexavalent uranium is chemically adsorbed on the mineral by surface reactions of uranyl ions (Cullen, 1978, p. M67) . Organisms extract phosphorus from the surface waters and carry it to the sea floor when they die and sink to the bottom, but if extraction of phosphorus by organisms is not accompanied by extraction of uranium, then the common correlation of phosphorus and uranium in marine sediments must be the result of interaction of the two elements after death of the organisms (Kuznetsov and others, 1968, p. 310) . Thus, the concentration of uranium in sea-bed phosphorites seems mainly syngenetic with respect to phosphorus (Baturin and Kochenov, 1974, p. 99) . The uranium content of biogenic phosphate material incorporated in diatom ooze is sometimes appreciably higher than the uranium content of the enclosing sediments; nevertheless, the uranium in the phosphate accounts for no more than 5-10 percent of the total uranium in bulk samples of the ooze; most of the uranium is in some way related to organic matter (Baturin and others, 1972, p. 283) . Veeh, Calvert, and Price (1974, p. 196) found that bulk analyses of diatomaceous sediments from off southwest Africa showed no clear correlation between uranium and phosphate. They concluded from this that if the fixation of uranium in sediments is controlled by the presence of phosphorus, then the uranium content must be controlled primarily by a particular phosphate mineral presumably apatite that contains variable amounts of uranium. Another possibility is that the lack of correlation of uranium and phosphorus in marine sediments is due to an absence of biogenic phosphorus in the sediments (Baturin and Yemel'yanov, 1973, p. 678) .
Thus, although phosphorus is one possible agent for the extraction of uranium from sea water, it is by no means the only agent and probably is not the most important one.
Role of Silica
The possibility that part of the uranium found in the Monterey Formation is adsorbed onto, or otherwise involved with the opal of diatom frustules cannot be dismissed. Lewin (1961, p. 194) found that under particular conditions metal ions combine with the silica of diatom walls. Starik and Kolyadin (1957, p. 255) concluded that, under proper conditions, uranium in sea water exists as a hydrolyte that can be adsorbed on silica-bearing colloidal particles and is deposited on the sea bottom with these particles. Hurd (1973 Hurd ( , p. 2275 pointed out that because of a strong negative charge on the surface of biogenic amorphous silica, the UO2+2 ion can be strongly adsorbed on the diatom walls. Little information concerning the possible role of opal in extraction of uranium from sea water is available, but uranium enrichment of
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Studies, Uranium Content and Geochemistry, California opal and cristobalite does occur although under circumstances different from those affecting the Monterey Formation. Zielinski (1980) described uraniferous secondary opal and chalcedony in Wyoming that formed from uraniferous, silica-saturated ground water. He proposed that both silica and uranium were released during dissolution of rhyolite glass and uranium was incorporated in silica gel, possibly by adsorption of uranyl-silica-hydroxyl complexes; dehydration of the gel then trapped the uranium. Glagolev (1964, p. 109) reported that cristobalite containing 1640 ppm uranium was evenly distributed in a hypogene alteration product from previously deposited uraniferous opal.
Diatomaceous Sediments
A considerable amount of data on the uranium content of marine sediments is available. The average uranium content of 742 samples listed by Baturin ( , p. 1033 was 3.7 ppm, and if landlocked basins are excluded, the average for 516 samples was 3.0 ppm. The uranium content of upper Quaternary marine sediments and of the surface layer of oceanic sediments ranged from 0.1 to 10 ppm (Baturin, , p. 1034 . Kuznetsov, Simonyak, Lisitsyn, and Frenklikh (1968, p. 308) listed the uranium content of 57 samples of the surface layer of ocean sediments and found a range of 0.1-2.76 ppm, an average of 0.86 ppm, and a median value of 0.80 ppm. For comparison, the average uranium content of all shale has been estimated to be 3-4 ppm (Holland and Kulp, 1954, p. 203; Adams and others, 1959, table 7; Swanson, 1960, p. 4) , about the same as for the outer few kilometers of the Earth's continental crust (Adams and others, 1959, p. 311) . Baturin (1968b, p. 206) noted that the concentrations of metals that migrate only in suspension are relatively high in sediments of littoral zones, but the concentrations of metals that migrate in dissolved form, as does uranium, are relatively high in pelagic sediments. Boulad and Michard (1976, p. 82 ) studied cores from the southeast Atlantic Ocean that had oxidized sediments above reduced sediments, and they found the uranium content of the reduced sediments and their pore water to be greater than that of the oxidized sediments and their pore water. In landlocked seas uranium generally is concentrated in sediments in the centers of basins, but in the open ocean the sediments with the highest uranium content are on shelves and continental slopes (Baturin and Yemel'yanov, 1973, p. 674) . In the open-shelf seas, uranium tends to be concentrated in the fine-grained sediments of deep basins (Baturin, , p. 1033 . Spalding, Exner, and McKee (1973) found in cores from an anoxic basin that the dissolved uranium and dissolved organic-carbon concentrations of pore water showed an increase with depth in the core, although the concentrations of both in the sediments remained nearly constant.
Some, but not all, diatomaceous sediments have higher uranium content than the average for marine sediments. Veeh, Calvert, and Price (1974, p. 194, 200) reported that organic-rich diatomaceous sediments on the continental margin of southwest Africa contain about an order of magnitude more uranium than do ordinary terrigenous marine sediments from 10.2 to 54.6 ppm uranium in cores, with higher concentrations at depth than at the sea-floor surface. Von Backstrom (1974, p. 618) found that siliceous sediments in the same area contained 5-93 ppm uranium and averaged 21 ppm. Baturin (197la, p. 224) reported uranium concentrations in the interstitial water of diatomaceous ooze there of 1.3-650 ppb, and he noted that the ooze itself is characterized by uranium enrichment. Baturin considered the uranium in the interstitial water as mobile and capable of redistribution both vertically and horizontally, but he pointed out (197la, p. 225) that diffusion of uranium into bottom water from diatomaceous ooze of the shelf and continental slope does not occur as it does from oxidized pelagic sediments. In shallow water where wave action aerates bottom water, uranium accumulates in the sediments to a lesser degree than it does under anoxic conditions (Baturin and others, 1972, p. 282-283) .
The form of the uranium in marine sediments is in doubt. Veeh, Calvert, and Price (1974, p. 200) suggested that hexavalent uranium of sea water enters sediments by way of pore water and then is reduced to tetravalent uranium and incoroporated into carbonate fluorapatite growing diagenetically in the sediment. During a study of fission tracks of cores they found (1974, p. 193, 196) that uranium occurs off southwest Africa in diatomaceous mud as two principal modes: (1) finely and uniformly dispersed, and (2) in clusters, some of which could be traced to organic detritus or to small grains of phosphorite.
Summary
Several aspects of the occurrence of uranium in the marine environment are pertinent to an understanding of uranium in the Monterey Formation: (1) Sea water is and has long been an adequate source for most of the uranium found in marine sediments that are enriched in uranium. (2) Much of the uranium in sediments is connected in some way with organic material. (3) The association of uranium and organic material begins, not with living organisms, and probably not during the sinking of dead organisms, but after the organic material is on the bottom, and perhaps partly after the organic material is buried. (4) The principal process by which uranium is extracted from sea water most likely involves adsorption rather than chemical precipitation.
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(5) Anoxic conditions are conducive to the preservation of, if not to the formation of uranium-rich deposits. (6) Some, but not all, richly diatomaceous sediments have uranium content higher than the average for all sediments. (7) The uranium content of diatomaceous sediments can be greater below the surface than at the surface, and the uranium content of pore water can be considerably higher than that of sea water. (8) Phosphatic material extracts uranium from sea water and adds to the total uranium content of diatomaceous sediments, but it is not the principal agent for uranium enrichment of most of the sediments.
CONCLUSIONS
The uranium in the Monterey Formation was derived chiefly from sea water at or near the time the Monterey sediments were deposited. Anoxic conditions associated with the accumulation of rich organic sediments certainly were conducive to the preservation of uranium-rich deposits, and perhaps to their formation. Except for certain secondary uranium minerals obviously related to vadose waters moving through rocks of the Monterey, the form of the uranium in the formation is uncertain. Most likely, the uranium is associated with organic matter, either by adsorption on organic material or by incorporation in organic complexes. Some uranium might be adsorbed on the biogenous opal of diatom frustules. During diagenesis of porcelanite, uranium probably is made available in a mobile form for enrichment of other rocks; chert, the end product of the diagenesis, has little uranium. The Monterey Formation, and similar rocks elsewhere, generally have more uranium than do most other kinds of rock. Within the Monterey, the cherty and dolomitic rocks, and the rocks having a high proportion of terrigenous clastic material generally have the lowest uranium content.
The uranium in the Monterey Formation apparently will have little commercial interest unless extraction of uranium from large volumes of low-grade material becomes economically feasible. However, a Monterey terrain could be a source of uranium for sandstone-type uranium deposits in other units. For example, uranium reported in the Sespe Formation near Ojai, California, could well have migrated from the Monterey.
